Abstract Changes in brain electrical activity in response to cholinergic agonists, antagonists, or excitotoxic lesions of the basal forebrain may not be reflective entirely of changes in cholinergic tone, in so far as these interventions also involve noncholinergic neurons. We examined electrocortical activity in rats following bilateral intracerebroventricular administration of 192 IgGsaporin (1.8 µg/ventricle), a selective cholinergic immunotoxin directed to the low-affinity nerve growth factor receptor p75. The immunotoxin resulted in extensive loss of choline acetyl transferase (ChAT) activity in neocortex (80%-84%) and hippocampus (93%), with relative sparing of entorhinal-piriform cortex (42%) and amygdala (28%). Electrocortical activity demonstrated modest increases in 1-to 4-Hz power, decreases in 20-to 44-Hz power, and decreases in 4-to 8-Hz intra-and interhemispheric coherence. Rhythmic slow activity (RSA) occurred robustly in toxin-treated animals during voluntary movement and in response to physostigmine, with no significant differences seen in power and peak frequency in comparison with controls. Physostigmine significantly increased intrahemispheric coherence in lesioned and intact animals, with minor increases seen in interhemispheric coherence. Our study suggests that: (1) electrocortical changes in response to selective cholinergic deafferentation are more modest than those previously reported following excitotoxic lesions; (2) changes in cholinergic tone affect primarily brain electrical transmission within, in contrast to between hemispheres; and (3) a substantial cholinergic reserve remains following administration of 192 IgG-saporin, despite dramatic losses of ChAT in cortex and hippocampus. Persistence of a cholinergically modulated RSA suggests that such activity may be mediated through cholinergic neurons which, because they lack the p75 receptor, remain unaffected by the immunotoxin.
Introduction
Past studies have demonstrated that changes in cholinergic function of the brain produce characteristic alterations of cortical electrical activity. Administration of cholinergic antagonists or excitotoxic lesions of cholinergic neurons in the basal forebrain increase slow-wave power and decrease high-frequency power (Buzsáki et al. 1983 (Buzsáki et al. , 1988 Stewart et al. 1984; Riekkinen et al. 1990; Ray and Jackson 1991; Vanderwolf 1992; Holschneider et al. 1997) , whereas cholinergic agonists result in a reversal of this phenomenon (Vanderwolf 1992) . Furthermore, indirect cholinergic agonists such as physostigmine or eserine enhance the synchronization of theta activity, whereas cholinergic antagonists or excitotoxic lesions of the basal forebrain diminish it (Dickson et al. 1994; Leung et al. 1994; Holschneider et al. 1998 ).
Changes in brain electrical power and synchronization following administration of pharmacologic agents or excitotoxic lesions of the basal forebrain may not be reflective entirely of changes in cholinergic tone, in so far as these interventions have been shown to involve noncholinergic neurons also (Wenk et al. 1991; Lindefors et al. 1992; Muir et al. 1993; Waite and Thal 1996) . 192 IgG-saporin, an immunotoxin linking an antibody to the low-affinity nerve growth factor receptor p75 to the ribosome inactivating protein saporin, has recently permitted specific lesioning of cholinergic neurons. When administered into the lateral ventricles, cholinergic neurons in the basal forebrain nuclei and some cerebellar Purkinje cells are destroyed (Heckers et al. 1994; Waite et al. 1994) . The toxin spares GABAergic neurons in the basal forebrain and monoaminergic neurons because of its selectivity (Nilsson et al. 1992; Heckers et al. 1994; Waite et al. 1994) .
Our study examines effects of intracerebroventricular (i.c.v.) administration of 192 IgG-saporin on brain electrocortical activity and cholinergic function of rats. We examined brain electrical power and signal synchronization (coherence) at baseline as well as in response to physostigmine or type I behavior (walking, rearing, turning, or large postural shifts), interventions that have previously been shown to elicit cholinergically mediated rhythmic slow activity (RSA).
Materials and methods

Animals
Fischer rats (344 male rats; Harlan Sprague-Dawley) of 260-280 g body mass were singly housed in Plexiglas cages with contact bedding in an environmentally controlled room on a 12-h light, 12-h dark cycle (lights on at 6:00 a.m.). The animals were given water and rodent laboratory chow ad libitum . The surgical and experimental procedures performed were in accordance with the Principles of laboratory animal care (NIH publication No. 86-23, revised 1985) and were reviewed and approved by the Animal Care and Use Committee at the West Los Angeles Veterans Administration Medical Center.
IgG-saporin administration
The rats were anesthetized with a mixture of 92 mg/kg ketamine, 0.92 mg/kg acepromazine, and 4.7 mg/kg xylazine in 0.9% saline, administered i.m. They were mounted in a stereotaxic apparatus in the skull-flat position. After exposing the skull, a hole was drilled over the left and right skull area (AP -1.1, L ±1.5), and a blunttipped 27-gauge needle was lowered into each cerebral ventricle to a depth of -4.2 below bregma. The experimental animals (TOX; n=11) each received an i.c.v. injection of 192 IgG-saporin (batch ATS-1-89; 1.8 µg/ventricle in 5 µl of phosphate-buffered saline, pH 7.4, over 15 s; Advanced Targeting Systems, Carlsbad, Calif.). Sham-lesioned control animals received infusions of vehicle (PBS, pH 7.4; n=12) . Five minutes of diffusion time was allowed following each injection before the needle was retracted.
Implantation of epidural electrodes
Following a recovery period of 5 weeks, animals were reanesthetized with halothane (2.5% for induction, 1.5% for maintenance in 30% oxygen, 70% nitrous oxide), the skull was re-exposed, and eight further holes were drilled. Epidural recording electrodes (000-120×1/8 inch stainless steel machine screws) were placed, as previously reported (Holschneider et al. 1997 (Holschneider et al. , 1998 , over the following left and right skull regions: frontal (F 1 , F 2 ): AP 3.8 (distance to bregma, plus rostral and minus caudal), L (lateral to midline) ±2.0; frontoparietal (FP 1 , FP 2 ): AP 0.3, L ±4.0; parietooccipital (PO 1 , PO 2 ): AP -4.3, L ±4.0; occipital (O 1 , O 2 ): AP -7.8, L ±2.0. Two additional screws driven into the bone overlying the cerebellum served as ground and indifferent electrodes. The pins attached to the recording electrode screws were then placed into an Amphenol electrical connector, which was fastened to the skull with methacrylate cement.
Electroencephalographic recording: type I versus type II behavior Eight days after implantation of the epidural electrodes, brain electrical activity (1-44 Hz) was recorded using a QND electroencephalograph (Neurodata; Pasadena, Calif.) and stored on hard disc. The digital sampling rate was 256 points/channel per second, with frequency filter settings of 0.5 Hz and 70 Hz. Electrical activity was referenced to the electrode overlying the cerebellum and recordings (TOX, n=6; PBS, n=6) were made before noon in an 8×8×15-inch Plexiglas cage. The animals were maintained in the alert state by tapping vigorously on the cage every 30 s. Electroencephalographic (EEG) activity was annotated on-line to mark episodes of type I behavior (includes walking, rearing, turning, or large postural shifts) or type II behavior (immobility), as well as grooming and drowsiness. In each session a cumulative 10 min of EEG activity was recorded. "TOX-I" and "TOX-II" refer to type I and II behaviors, respectively, in animals that received the immunotoxin; "PBS-I" and "PBS-II" refer to type I and II behaviors, respectively, in intact animals that received the vehicle (PBS).
Electroencephalographic recording: physostigmine versus normal saline infusion
The following day animals were reanesthetized with halothane and received cannulation of the bilateral femoral artery and vein. Following surgery, recovery from anesthesia was rapid, with animals being fully awake and exhibiting exploratory behavior of their environment within 5 min. A 2-h period was allowed prior to any EEG recordings while the animal was passively restrained in a Bollman Cage. In these cages the animal rests in the prone position with its limbs hanging to the sides. Acrylic, nontraumatic bars entrap the animal, preventing locomotion but allowing limb and head movements. Rectal temperature was recorded and maintained at 37°C with a BAT-12 thermocouple thermometer connected to a TCAT-1A temperature controller (Physitemp) and a source of radiant heat. A 10-min EEG recording was performed on the passively restrained animal. This was followed by initiation of a continuous intravenous infusion of either physostigmine (4.2 µg/kg per minute in normal saline) or normal saline (TOX+NS, n=5; PBS+NS, n=6; TOX+physostigmine, n=6; PBS+physostigmine, n=6) administered over 50 min by a motor-driven syringe pump at a rate of 1.98 cm 3 /h. EEG activity was continuously monitored over the period of 50 min and stored on hard disc. The animals were killed by administration of an intravenous bolus injection of 0.5 ml of 50 mg/ kg pentobarbital in 3 M KCl, which caused circulatory arrest.
Biochemical analysis
The brain was rapidly removed, flash-frozen in methyl-butane chilled to -70ºC, and embedded in OCT compound. Cortical regions underlying each of the eight electrode sites, the cerebellum, the dorsal hippocampus, and the amygdaloid-entorhinal-piriform area were dissected from tissue blocks produced by serial coronal cuts of the frozen brain (180 µm, -20°C). For each region, tissue samples from the left and right hemispheres were pooled. The tissue was homogenized in 1 ml of 50 mM phosphate buffer (pH 7.4). After vortexing, half of the homogenate was added to tubes containing 5 µl of Triton X-100. These were measured for the determination of choline acetyl transferase (ChAT) activity according to the method of Fonnum (Fonnum 1975) . They were left on ice for 1 h, after which 10-µl aliquots were added to tubes containing the following: 100 mM physostigmine; 280 mM NaCl; 0.26 mM [ 3 H]acetyl-CoA; 8.8 mM choline chloride; 50 mM NaPO 4 ; 1.0 mM EDTA. The reaction was started by adding 3 H-labeled acetyl-CoA (ICN biochemicals) to a final specific activity of 12.3 mCi·mmol -1 and was stopped by adding 0.5 ml of ice-cold 10 mM phosphate buffer and transferring to an ice bath. The reaction tube contents were then transferred to scintillation vials to which 1 ml of tetraphenylboron in acetonitrile and 3.5 ml of spectrafluor-toluene (Amersham) were added and slowly mixed while maintaining phase separation. Difference in the solubilities of [ 3 H]acetyl-CoA and [ 3 H]acetylcholine provides the basis for the separation of these two compounds in the extraction step. Because [ 3 H]acetylcholine and not [ 3 H]acetyl-CoA enters the phase containing the scintillation fluid, the activity measured reflects the amount of tritium related to acetylcholine. After 1 h, the vials were transferred to a Beckman LS 5801 liquid-scintillation spectrometer for counting using a tritium window. The protein content of the homogenates was assayed according to the method of Smith et al. (Smith et al. 1985 (Smith et al. , 1987 . Of the original homogenate, a volume diluted up to 0.1 ml was vortexed with 2.0 ml of the protein determination reagent (copper (II) sulfate pentahydrate 4% to bicinchoninic acid, 1:50). This was incubated at 37°C for 30 min. Absorbance at 562 nm was measured in a spectrophotometer (Spectronic 20, Milton Rowe) .
ChAT activity in an additional group of animals that had received either immunotoxin (i.c.v., n=9) or PBS (i.c.v., n=7) but no recording electrodes was examined to determine whether the relative sparing of ChAT activity that was observed in the amygdaloid-entorhinal-piriform area differed between the amygdala and entorhinal-piriform cortex.
Data analysis of ChAT activity
For the analysis of ChAT activity, a univariate repeated-measures analysis of variance (ANOVA) was performed using "Toxin" as a between-subject factor and "Region" as a within-subject factor (SPSS 1990) . Post hoc tests (SNK, P<0.05) were used to examine group differences between brain regions. Data analysis of absolute power, relative power, and peak frequency
The first twenty 4-s epochs (a total of 80 s) of artifact-free EEG data was selected in nonrestrained animals during (1) type I behavior and (2) type II behavior. Additionally, EEG data was selected in passively restrained animal (1) at baseline and (2) 45 min following continuous infusion of either physostigmine or normal saline. Data was reformatted off-line to a bipolar montage (F 1 -FP 1 ,
Spectral analysis of the EEG data was performed using a discrete Fourier transformation.
Electrocortical changes in response to the toxin were examined in passively restrained animals at baseline (TOX, n=11; PBS, n=12). Absolute power (ABS), relative power (REL, percentage total power) were calculated in the delta (1-4 Hz), theta (4-8 Hz), alpha (8-12 Hz), beta-1 (12-20 Hz), and beta-2 (20-44 Hz) bands. Total power was calculated across the 1-to 44-Hz band. Significant group differences in response to toxin were tested separately for ABS and REL with a univariate repeated-measures ANOVA using "Toxin" as a between-subject factor and "Frequency" and "Electrode" as within-subject factors. Post hoc t-tests (1-tailed, Bonferroni P<0.05) were used to define differences in the regional electrocerebral response within specific frequency bands.
Changes in peak frequency of RSA in response to physostigmine or type I behavior were initially examined in the 4-to 12-Hz band with a univariate repeated-measures ANOVA using "Toxin" as a between-subject factor and "Electrode" and "Physostigmine" (or "Behavior") as within-subject factors. ABS and REL during the physostigmine infusion were calculated in the 4-to 8-Hz band, which circumscribed the pharmacologic peak response; whereas ABS and REL during behavioral activation were calculated in the 6-to 10-Hz band, which circumscribed the peak response during type I behavior. Group differences in ABS and REL in response to pharmacologic (or behavioral) activation were tested with a univariate repeated-measures ANOVA using Toxin as a between-subject factor and Electrode and Physostigmine (or Behavior) as within-subject factors. Post hoc tests (SNK, P<0.05) were used to define differences in the regional electrocerebral response to physostigmine or type I behavior. Percentage changes in ABS or REL in response to pharmacologic challenge or behavioral activation were calculated as a percent change from baseline by electrode site for each animal [i.e., 100×(Postphysostigmine infusion -Preinfusion)/ Preinfusion) or 100×(Type I-Type II)/Type II].
Data analysis of coherence
Coherence measures the correlation between pairs of EEG signals as a function of their frequency components. It quantifies the phase consistency of two signals, that is, the extent to which EEG signals have common, time-locked, frequency components. Unlike spectral power, coherency estimates are independent of amplitude (Shaw 1981 (Shaw , 1984 Bendat and Piersol 1986; Nunez 1995 connectivity between different brain regions (O'Connor et al. 1979; Leuchter et al. 1992) . Coherence has the dimensions of a correlation coefficient squared with values varying between 0 and 1. Analogous to a correlation coefficient, a value near 1 means that there is a great deal of shared activity, and a value near zero means that there is little shared activity. Our calculations employed a fast Fourier transform of 1024 points. Since each data point was sampled at 3.91 ms (i.e., 256 samples/s), the duration of each EEG selection was 4.0 s and the frequency resolution was 0.25 Hz (i.e., 1/4 s). Coherence [C xy (λ)] was defined as a function of the power spectral outputs for two electrode channel pairings (x,y) at any given frequency λ (Bendat and Piersol 1986) :
or the square of the cross-spectrum of the two channels x and y [|S xy (λ)| 2 ] divided by the product of the spectra of the individual channels [S x (λ)×S y (λ)]. To yield the final coherences, spectral intensities were averaged first over each of the above frequency bands using adjacent frequency components of width 0.25 Hz each, and second, across the selected, sequential 4-s electroencephalogram segments. The 95% confidence interval estimates in the 4-to 8-Hz band for sample coherences of 0.2, 0.5, 0.8 were, respectively, 0. 16-0.28, 0.45-0.56, 0.77-0.83 (Nunez 1995 
Results
ChAT analysis
The immunotoxin induced a large drop in ChAT activity in neocortex (80%-84%) and dorsal hippocampus (93% ;  Table 1 ). A considerably smaller drop was found in entorhinal-piriform cortex (42%) and amygdala (28%). These changes were independent of whether animals subsequently received saline or physostigmine during the EEG recording. ChAT activity in cerebellum showed the lowest value of all regions and it was not affected by immunotoxin treatment.
Electrocortical power after 192 IgG-saporin
Administration of the toxin resulted in significant increases in ABS in the 1-to 4-Hz band and decreases in ABS in the 20-to 44-Hz band (TOX × Frequency: F 4,84 =6.46, P<0.0005) at specific electrode sites ( Fig. 1 ; TOX × Frequency × Electrode: F 28,588 =2.75, P<0.0005). Increases in the 1-to 4-Hz band were significant in the bilateral parieto-occipital and right occipital region, whereas significant decreases in the 20-to 44-Hz band were seen in a global distribution (Fig. 1) . REL increased in the 1-to 4-Hz band and decreased in the 12-to 20-Hz and 20-to 44-Hz bands (TOX × Frequency: F 4,84 =12.81, P<0.0001). Changes were seen globally across the cortex (Fig. 1) . Statistical significe was achieved in the 4-to 8-Hz band only at a single electrode site in the right posterior hemisphere for absolute power, with no significant difference in relative power. Total power (1-44 Hz) did not differ significantly between lesioned and intact animals. Peak frequency of rhythmic theta: effects of physostigmine and type I behavior Neither lesioned nor intact animals showed a significant change in peak frequency in the 4-to 12-Hz band in response to physostigmine (Electrode mean: PBS 5.18±0.08 Hz; PBS+Physostigmine 5.06±0.04 Hz; TOX 4.97±0.07 Hz; TOX+Physostigmine 5.31±0.06 Hz; Fig.  2, column 1, row 1) . In contrast to pharmacologic activation, behavioral activation resulted in a significant increase in peak frequency of RSA (Behavior: F 1,10 =75.37, P<0.0005). The increase in peak frequency was independent of the presence of an immunotoxic lesion and did not differ between electrode sites (Electrode mean: PBS-I 7.15±0.15 Hz; PBS-II 5.52±0.20 Hz; TOX-I 7.36±0.05 Hz; TOX-II 4.70±0.10 Hz; Fig. 2 , column 2, row 1).
Electrocortical power following physostigmine
Lesioned as well as intact animals showed a robust electrographic response to physostigmine (Fig. 3) . Physostigmine increased ABS (Physostigmine: F 1,10 =9.75, P<0.01) at specific electrode sites (Physostigmine × Electrode: F 7,70 =18.25, P<0.0005) in the 4-to 8-Hz band, which circumscribed the peak physostigmine frequency (Fig. 2, row 2 , column 1). Increases were independent of the presence of an immunotoxic lesion and occurred equivalently in intact animals (PBS electrode mean, 21±8%) and lesioned animals (TOX electrode mean, 12±4%).
Significant changes were also seen in REL (Physostigmine: F 1,10 =40.01, P<0.0005) at specific electrode sites (Physostigmine × Electrode: F 7,70 =40.17, P<0.0005), with greatest significance in posterior brain regions (Fig. 2, row 3, column 1) . There was no significant effect of the immunotoxin on REL during pharmacologic activation, with equivalent increases with respect to baseline in both intact animals (PBS electrode mean, 18±7%) and lesioned animals (TOX electrode mean, 22±7%). In the 8-to 12-Hz band, physostigmine resulted in a significant decrease from baseline in ABS (Electrode mean: PBS 28±3%, TOX 26±7%) and REL (Electrode mean: PBS 28±2%, TOX 21±4%, data not shown).
Electrocortical power after type I behavior
Lesioned as well as intact animals showed a robust electrographic response to behavioral activation (Fig. 3) . Type I compared with type II behavior significantly increased ABS (Behavior: F 1,10 =44.08, P<0.0005) at specific electrode sites (Behavior × Electrode: F 7,70 =18.12, P<0.0005) in the 6-to 10-Hz band, which circumscribed the change in peak frequencies. Greatest significance was seen in posterior brain regions (Fig. 2, row 2 , column 2). Increases were independent of the presence of an immunotoxic lesion and occurred equivalently in both lesioned animals (TOX electrode mean, 148±24%) and intact animals (PBS electrode mean, 116±22%).
Significant increases during type I behavior were also seen in REL (Behavior: F 1,10 =188.06, P<0.0005) at specific electrode sites (Behavior × Electrode: F 7,70 =46.41, P<0.0005), with significance in most brain regions (Fig.  2, row 3, column 2 ). Increases were independent of the presence of an immunotoxic lesion and occurred equivalently in both lesioned animals (TOX electrode mean, 86±17%) and intact animals (PBS electrode mean, 69±15%). =1.93, P<0.03) . Post hoc t-tests (2-tailed, Bonferroni P<0.05) showed changes to be most significant at posterior electrode sites in the 4-to 8-Hz band for intrahemispheric coherence, as well as interhemispheric coherence (Fig. 4, row 1) . Immunotoxin lesions resulted in a larger decrease in intrahemispheric coherence (Electrode pairing mean, 28±6%) than interhemispheric coherence (Electrode pairing mean, 14±4%). Effects of the immunotoxin within the 4-to 8-Hz band are depicted in Fig. 4 (row 1) . Coherence following physostigmine Changes in coherence in response to physostigmine were examined in the 4-to 8-Hz band, which circumscribed the peak frequencies determined earlier for this pharmacologic challenge (Fig. 4, row 2) . Physostigmine increased intrahemispheric coherence (Physostigmine: F 1,10 =259.73, P<0.0005) at specific electrode pairings (Physostigmine × Electrode pairing: F 5,50 =34.74, P<0.0005), with significance at most cortical sites (Fig.  4, row 2) . Lesioned animals, compared with intact animals, showed a greater intrahemispheric coherence response to physostigmine at the PO 1 -O 1 /O 1 -Cb and PO 2 -O 2 /O 2 -Cb posterior sites (TOX × Physostigmine × Electrode pairing: F 5,50 =5.23, SNK P<0.001). This was due largely to lower intrahemispheric coherence of lesioned animals at these sites prior to pharmacologic activation.
Increases in intrahemispheric coherence in response to physostigmine exceeded increases in interhemispheric coherence in lesioned as well as nonlesioned animals (mean intrahemispheric coherence: PBS 77±7%, TOX 141±20%; mean interhemispheric coherence: PBS 18±13%; TOX -1±14%). Interhemispheric coherence increased modestly in response to physostigmine (Physostigmine: F 1,10 =16.75, P<0.002) in specific electrode pairings (Physostigmine × Electrode pairing: F 3,30 = 17.36, P<0.0005), with significance at several sites (Fig.  4, row 2 ). Changes were independent of the presence of an immunotoxic lesion.
Coherence following type I behavior
Changes in coherence in response to type I behavior were examined in the 6-to 10-Hz band, which circumscribed the peak frequencies determined earlier for this behavioral challenge (Fig. 4, row 3) . Type I behavior increased intrahemispheric coherence (Behavior: F 1,10 = 278.27, P<0.0005) at specific electrode pairings (Behavior × Electrode pairing: F 5,50 =36.88, P<0.0005), with significance at most sites across the cortex (Fig. 4, row  3 , column 1). Lesioned animals, compared with intact animals, showed a greater intrahemispheric coherence response to behavioral activation at specific electrode pairings (TOX × Behavior × Electrode pairing: F 5,50 =4.59, P<0.002), most significantly in the right hemisphere (F 2 -FP 2 /FP 2 -PO 2 , FP 2 -PO 2 /PO 2 -O 2 , PO 2 -O 2 / O 2 -Cb, SNK P<0.05).
Increases in intrahemispheric coherence in response to type I behavior exceeded increases in interhemispheric coherence in lesioned as well as nonlesioned animals (mean intrahemispheric coherence: PBS, 87±12%, TOX 167±9%; mean interhemispheric coherence: PBS 26± 9%, TOX 56±13%). Interhemispheric coherence increased in response to type I behavior (Behavior: F 1,10 = 134.07, P<0.0005) in specific electrode pairings (Behavior × Electrode pairing: F 3,30 =18.76, P<0.0005), with significance at several sites (Fig. 4, row 3, column 2) . Lesioned animals, compared with intact animals, showed greater interhemispheric coherence response to behavioral activation (TOX × Behavior: F 1,10 =13.27, P<0.005) at two sites (FP 2 -PO 2 /PO 2 -O 2 , PO 2 -O 2 /O 2 -Cb, SNK P<0.05).
Discussion
Administration of 192 IgG-saporin resulted in significant changes in brain electrical activity, though these were surprisingly modest (7%-25% increase in delta and 13%-42% decrease in beta relative power) given the large depletion of ChAT in the cortex (80%-84%). By comparison, excitotoxic lesions of the basal forebrain, which result in lower levels of cortical ChAT depletion (22%-50%; Scremin et al. 1991; Waite and Thal 1996; Holschneider et al. 1997) , demonstrate a greater increase in cortical slow-wave power (15%-81%) and a greater decrease in high-frequency power (20%-58%; Riekkinen et al. 1990 Riekkinen et al. , 1991 Holschneider et al. 1997) . This suggest that some of the electrocortical changes following excitotoxic lesions of the basal forebrain may be due to the added damage of noncholinergic fibers. Surprisingly, unilateral injection of small doses of IgG-saporin (10 ng) directly into the nucleus basalis results in no change in electrocortical activity, despite a 50% decrease in cortical ChAT (Wenk et al. 1994) . Our study suggests that larger decreases in cortical ChAT are needed to demonstrate brain electrical changes at the cortical level.
Changes in cholinergic tone through immunotoxic lesions or through administration of physostigmine resulted in a greater change of coherence within as compared to between hemispheres, with changes most significant in the theta (4-8 Hz) band. Disconnection of cortical neurons from their cholinergic afferents may have resulted in a decrease in responsiveness of corticocortical circuits to the synchronizing effects of their subcortical rhythmic input. Disruption of rhythmic slow-wave activity is likely to have occurred also at the level of the subcortical pacemaker cells themselves. The fact that both lesions and physostigmine resulted in a greater change of intrahemispheric as compared to interhemispheric coherence may reflect the underlying neuroanatomy of the cholinergic system. Cholinergic projections from the basal forebrain to the cortex remain largely ipsilateral, whereas virtually all fibers connecting the hemispheres through the corpus callosum or hippocampal commissures are noncholinergic, employing glutamate, aspartate, or GABA as their transmitters (Conti and Manzoni 1994) . Thus, it might be expected that decreases or increases in cholinergic tone would result in greater changes in brain electrical synchronization within as compared to between hemispheres. Recently we reported similar findings in rats with excitotoxic nucleus basalis lesions in response to administration of the cholinergic neurotrophin nerve growth factor (Holschneider et al. 1998) . Type I behavior also resulted in robust increases in intrahemispheric coherence. Increases in interhemispheric coherence in response to behavioral activation were greater than those seen in response to physostigmine administra-tion. A possible explanation for this may lie in the fact that RSA generated during type I behavior has been shown to depend not only on a cholinergic component but also on a noncholinergic one (Vanderwolf and Baker 1986; Lee et al. 1994) .
The smaller drop in ChAT noted in our study in the amygdala (28%) and entorhinal-piriform cortex (42%) suggest that these brain regions were less susceptible to the immunotoxin than either cortex or hippocampus. Proximity to the lateral ventricles may affect penetration of the toxin and hence loss of ChAT activity in a specific region (Schweitzer 1987; Waite et al. 1995) ; however, differences in ChAT losses between neocortex and amygdala or entorhinal-piriform cortex are more difficult to reconcile on the basis of simple accessibility of the toxin to these structures. Immunohistochemical work in rats and humans has demonstrated that, although the p75 receptor is found on cholinergic cells, not all cholinergic neurons carry p75 (Gage et al. 1989; Yan and Johnson 1989; Heckers et al. 1994; Rossner et al. 1995b) . In particular, ChAT-positive, p75-negative neurons have been reported in the nucleus basalis-substantia innominata complex, whose fibers have been surmised to project to the amygdala and parts of the rhinal paralimbic areas (Heckers et al. 1994 ). An absence or decrease in the p75 receptor has been demonstrated in the amygdala of rodents (Yan and Johnson 1988) as well as in the entorhinal cortex of humans (Kordower and Mufson 1992; Chen et al. 1996) . This may explain the relative sparing of ChAT observed in immunotoxin-treated animals in the entorhinal-piriform cortex and the amygdala (Heckers et al. 1994; Schliebs et al. 1996) .
Despite extensive losses in hippocampal ChAT (93%) and cortical ChAT (80%-84%), toxin-treated animals retained the ability to generate RSA. In the rat the major source of RSA is felt to reside in the hippocampus, though this appears to depend on external pacemaker cells found within the medial septum and diagonal band of Broca (Stumpf 1965; Stewart and Fox 1989; Vanderwolf 1992; Dickson et al. 1994; Barrenechea et al. 1995) . In the original formulation of the hypothesis of the origin of RSA, cholinergic cells of the medial septum were hypothesized to rhythmically excite hippocampal neurons, which, because of the parallel nature of their cellular arrays and the synchrony of their cells, were able to generate a coherent signal of substantial amplitude detectable at the hippocampal or cortical level. Subsequent work demonstrated an atropine-sensitive and an atropine-resistant component to RSA, with evidence suggesting that the median raphe serotonergic system (Vanderwolf and Baker 1986) , as well as GABAergic septohippocampal projections (Lee et al. 1994) , may play a role in the latter. In our study toxin-treated animals, in comparison with controls, showed no significant difference in ABS, REL, peak frequency, or coherence in response to behavioral activation. Our cortical recordings support work by others from hippocampal recordings that demonstrates a persistence of RSA in animals treated with the immunotoxin (Lee et al. 1994) or those administered i.c.v. colchicine, which has been reported to be selectively toxic to cholinergic neurons in the medial septum (Gilbert and Peterson 1991) . Although it might appear that such findings can be explained solely on the basis of noncholinergic mechanisms, the robust response in RSA seen in our study in response to the acetylcholinesterase inhibitor physostigmine suggests otherwise. Animals administered the toxin showed a peak frequency, ABS, REL, and coherence response to physostigmine equivalent to that of intact animals. This suggests that such activity may be mediated by cholinergic neurons that remained unaffected by the toxin, and that subpopulations of p75-negative cholinergic cells may continue to play a role in the generation of cholinergically sensitive RSA.
A previous study employing intraseptal doses of the immunotoxin demonstrated no change in RSA in the 4-to 12-Hz band in rats following intraperitoneal administration of physostigmine (Lee et al. 1994) . Our results suggests that averaging power over the broad 4-to 12-Hz frequency range may mask this pharmacologic response, in so far as in our study physostigmine increased power in the 4-to 8-Hz band but decreased power in the 8-to 12-Hz band.
The location of p75-negative cholinergic cells that participate in the generation of RSA remains unclear. That such cells lie outside of the septohippocampal system is suggested by our findings (Waite et al. 1995) , as well as those of others (Rossner et al. 1995a; Zhang et al. 1996) which show that 192 IgG-saporin administered i.c.v. at doses of 3.4-4.0 µg results in a near complete loss of cholinergic function in the medial septum and hippocampus as measured by ChAT assay, ChAT immunoreactivity, acetylcholinesterase, or p75 staining. Neurons with voltage-dependent oscillatory properties at the theta frequency have been described in the entorhinal cortex. It has been proposed that such neurons may function as extraseptal pacemakers of RSA (Mitchell and Ranck 1980; Garcia-Austt 1987a, 1987b; Stewart et al. 1992; Dickson et al. 1994) .
The entorhinal cortex has many reciprocal connections with subcortical and cortical regions (Alonso and Kohler 1984; Swanson and Kohler 1986) . Best known of the entorhinal connections is the perforant pathway, a massive association projection via the medial septum/diagonal band to the molecular layer of the dentate gyrus and Ammon's horn. The findings of reciprocal connections between the septum and the entorhinal area extend previous investigations showing prominent connections between the septum and the hippocampal formation (Meibach and Siegel 1977; Swanson and Cowan 1977) . It has been proposed that septal modulation of hippocampal activity can occur at different levels within the hippocampal region, including the entorhinal area (Alonso and Kohler 1984; Ylinen et al. 1995) . Such pathways, if they contain cholinergic cells that remain unaffected by the immunotoxin, may continue to mediate the local effects of acetylcholine on the basal forebrain/septo-hippocampal system, acting possibly through GABAergic systems (Lee et al. 1994) .
Considering the prominence of cholinergic deafferentation in Alzheimer's disease (AD), it is not surprising that decreases in coherence are prominent in this disorder (Leuchter et al. 1992 Besthorn et al. 1994; Dunkin et al. 1994; Jelic et al. 1997) . Decreases in coherence in AD have been reported mostly in alpha (Leuchter et al. 1992; Besthorn et al. 1994; Sloan et al. 1994; Jelic et al. 1997 ) but also in beta bands (Leuchter et al. 1992; Besthorn et al. 1994 ), similar to those seen following scopolamine administration in normal subjects (Sloan et al. 1992) . Decreases have been reported at least in one study to be more significant for intrahemispheric than for interhemispheric coherence (Calderon et al. 1997) , with greatest decreases noted in long corticocortical fiber tracts (Leuchter et al. 1992) . No study to date has examined whether or not cholinergic agonists in Alzheimer's disease are able to reverse such losses in coherence. RSA activity seen in rodents is not detectable in human subjects and extrapolation of coherence changes in rat to those of humans requires caution. However, our study suggests that acetylcholinesterase inhibitors may normalize the impairment in brain electrical coherence resulting from cholinergic deafferentation, in particular intrahemispheric coherence.
In summary, administration of a specific cholinergic immunotoxin resulted in significant changes in brain electrocortical power. Despite marked losses in cortical and hippocampal ChAT, such changes were more modest than those reported previously following excitotoxic lesions of the basal forebrain. Cholinergic deafferentation resulted in losses in intrahemispheric coherence in the 4-to 8-Hz band that were restored following administration of physostigmine. Consistent with the largely ipsilateral projections of cholinergic nerve fibers, intrahemispheric compared with interhemispheric coherence changed to a greater extent in response to changes in cholinergic tone. The persistence of a cholinergically modulated RSA, despite dramatic losses of ChAT in the cortex and hippocampus, suggests that such activity may be mediated through cholinergic neurons that, because they lack the p75 receptor, remain unaffected by the immunotoxin.
